This study investigated the soil pollution level and evaluated the phytoremediation potential of 25 native plant species on a former gold mine-tailing site in Ghana. Plant shoots and associated soil samples were collected from a tailing deposition site and analyzed for total element concentration of As, Hg, Pb, and Cu. Soil metal(loid) content, bioaccumulation factor (BAF shoots ), and hyperaccumulator thresholds were also determined to assess the current soil pollution level and phytoextraction potential. The concentration of As and Hg in the soil was above international risk thresholds, while that of Pb and Cu were below those thresholds. None of the investigated plant species reached absolute hyperaccumulator standard concentrations. Bioavailability of sampled metal(loid)s in the soil was generally low due to high pH, organic matter, and clay content. However, for Cu, relatively high bioaccumulation values (BAF shoots > 1) were found for 12 plant species, indicating the potential for selective heavy-metal extraction via phytoremediation by those plants. The high levels of As at the study site constitute an environmental and health risk but there is the potential for phytoextraction of Cu (e.g., Aspilia africana) and reclamation by afforestation using Leucaena leucocephala and Senna siamea.
Traditional solutions like excavation of contaminated materials and chemical as well as physical treatments are costly and might cause additional secondary pollution (Mulligan, Yong, & Gibbs, 2001; Yoon, Cao, Zhou, & Ma, 2006) . In contrast, phytoremediation, a technique of using plants to reduce or remove hazardous substances from the environment can offer a cost-effective and environmentally friendly alternative (Ali et al., 2013; Dadea, Russo, Tagliavini, Mimmo, & Zerbe, 2017) , particularly for the developing world (Robinson et al., 2003; Eraknumen & Agbontalor, 2007) . Among phytoremediation technologies, the concept of phytoextraction is considered the most efficient and sustainable strategy for decontamination of metal(loid)-polluted soils (Ali et al., 2013) . By the use of "hyperaccumulators", i.e., plants that accumulate metal(loid)s in high concentrations, metal(loid)s are taken up, transported, and concentrated in the aboveground biomass of plants which can then be harvested relatively easily and removed from the site (Kumar, Dushenkov, Motto, & Raskin, 1995; Salt, Smith, & Raskin, 1998; .
Since the term hyperaccumulator was first defined by Brooks, Lee, Reeves, and Jaffre (1977) , more than 500 plants have been identified worldwide as natural hyperaccumulators (Krämer, 2010) . Apart from the molecular biology of the plant species, metal(loid) accumulation efficiency can also be influenced by soil factors such as pH, soil organic matter (SOM), cationexchange capacity, and calcium carbonate (Rieuwerts, Thornton, Farago, & Ashmore, 1998; Zeng et al., 2011) as well as metal(loid) elements (Sarma, 2011) . Generally, in soils with high pH (e.g., on calcareous substrates), clay, and SOM, the heavy metal(loid) mobility and bioavailability are low (Rieuwerts et al., 1998; Bradl, 2004; Liu et al., 2014) .
In order to avoid problems of unintended invasions by non-native plant species (Kowarik, 2010) , phytoremediation should focus on native plants (Li et al., 2003; Yoon et al., 2006; Chaney et al., 2007) . Current knowledge on native hyperaccumulators for phytoremediation purposes in West Africa including Ghana is not exhaustive (Aziz, 2011; Ansah, 2012; Bansah & Addo, 2016; Nkansah, 2016) , although there have been many new hyperaccumulator discoveries in tropical environments (Reeves, 2003) . Ghana, formerly known as Gold Coast, is famous worldwide for its rich mineral resources and in particular, gold. Gold accounts for 45.5% of the national export earnings with a peak production in 2016 of 4.1 million ounces equivalent to a revenue of USD 5.15 billion (Ghana Chamber of Mines, 2016) . The long-lasting mining tradition which dates back perhaps 2500 years (Jackson, 1992) has left many areas in Ghana with extreme heavy metal(loid) pollution, where only specialized plants can survive (Foy, Chaney, & White, 1978; Baker, 1981) . Prior investigations on gold-mine tailings in Ghana found elevated to very high concentrations of As, Cd, Hg, Pb, Co, and Zn in soil (Amasa, 1975; Amonoo-Neizer, Nyamah, & Bakiamoh, 1996; Golow & Adzei, 2002; Antwi-Agyei, Hogarh, & Foli, 2009; Bempah et al., 2013) .
Spontaneous natural plant colonialization and vegetation succession on mine tailings have been reported by F. Nyame (personal communication, June 08, 2017) . Consequently, we hypothesize that the metalliferous soils from gold-mine tailings have a potential to host A s -, P b -, H g -, a n d C u -t o l e r a n t a n d e v e n hyperaccumulating plant species. Therefore, this study was conducted to investigate the soil pollution level and evaluate the hyperaccumulator potential of 25 local plant species from a former gold-mine tailings deposition site in Ghana. The information provided from this study adds to existing knowledge on the status of heavy metal(loid)s in gold-mine tailings and how to mitigate adverse effects of heavy metal(loid) pollution in the environment and on human health by means of phytoremediation and soil management. Thus, we
(1) investigated the concentrations of As, Pb, Hg, and Cu in plant shoots and the soil of a decommissioned tailings storage facility, (2) evaluated the in situ accumulation efficiency by comparing metal(loid) concentrations in the shoot biomass with those in the present soil, and (3) assessed those soil factors that influence heavy metal(loid) mobility to improve a strategic soil management.
Materials and Methods

Study Site
The plant and soil samples analyzed in this study were collected from a decommissioned and revegetated tailing storage site within the concession area of Damang Gold Mine in south-western Ghana, where open pit mining started in 1997 ( Fig. 1) . Geologically, the Damang region contains Tarkwaian System sediments and Birimian volcanic rocks: the base comprises phaneritic quartz diorite and coarse pebble-boulder conglomerate as well as sandstone, overlaid by the economically important arenaceous Banket containing quartzite and arkose associated with gold and other heavy metal(loid), and covered by Tarkwa Phylite and the uppermost Huni Sandstone (Tunks, Selley, Rogers, & Brabham, 2004; White et al., 2014) . After decommissioning of the tailing site in 2003, several revegetation measures including soil stabilization, fertilization, pollution control, as well as visual improvement were undertaken. Currently, the former tailing site is covered with distinct vegetation types (see Fig. 1 ; Table 1 ) including an agricultural demonstration area, which is a source of income for the local community surrounding the mine. Formerly, the site was used as a deposition facility for all processed residues (in the form of slurry) generated by the mill operations. This use of the site contributed to elevated metal(loid) concentrations. In total, the tailing storage facility occupies a surface area of ca. 30 ha. The climate of the study site is tropical and characterized by a mean annual precipitation of 2030 mm and an average monthly temperature of 21-32°C. The average altitude accounts for 115 m a.s.l. (Damang, 2011) .
Plant Sampling, Sample Preparation, and Analysis
Sampling of plants and soil was carried out in June 2017 on six plots with different vegetation covers ( Fig. 1 ). On each plot, soil and plant samples were collected in addition to a vegetation survey conducted on an area of 5 × 5 m following Mueller-Dombois and Ellenberg (1974) . The plant species were chosen based on the following selection criteria: (1) high abundance, (2) high vitality and productivity, and (3) literature or local knowledge on those species. Although the focus of the study was on native plant species, some non-native plant species were included due to their past establishment and high compatibility with the selection criteria. For each plant species, 10 random plant samples were taken within the area of the vegetation survey. In total, 25 plant species from 15 families were collected (Table 2) . For large plants (> 30 cm in height), only leaves and twigs were sampled whereas the whole aboveground biomass was collected in the case of smaller plants.
After sampling, the aboveground plant material was transported in plastic bags to the laboratory for analysis. In the laboratory, the plant samples were washed, first under tap water followed by deionized water in order to remove all soil particles attached to the plant surfaces. The samples were air-dried followed by oven drying at 60°C for 3 days. After drying, the samples were ground into powder using mortar and pestle. The concentrations of As, Pb, Hg, and Cu were analyzed using a 200 series atomic absorption spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at a wavelength of 193.7 nm, 283.3 nm, 253.7 nm, and 324.7 nm, respectively. To digest the plant samples, 0.5 g of ground plant tissue was placed into a digestion vessel, and 5 ml of HNO 3 (69%) was added. Sample digestion was done by means of a microwave digestion system (Topex KJ-100, PreeKem, Shanghai, China) using a three-step procedure, involving heating at 120°C for 2 min. On reaching 120°C, the temperature was increased to 150°C at a rate of 10°C/min and then to 180°C at a rate of 2°C/min. Thereafter, the samples were allowed to cool to room temperature before the vessel content was filtered (Ø 0.125 mm) and quantitatively transferred into a conical plastic centrifuge tube, where it was diluted with ultra-pure water to 50 ml.
Soil Sampling and Analysis
Four randomized soil samples from the rooting zone (0-20 cm) were taken with a cylindric soil core sampler (Ø 8,9 cm) from each survey location. The soil samples, each weighing ca. 500 g, were oven dried to constant mass for 3 days at 60°C. After drying, ca. 250 g of each sample (exact weight recorded) was ground using mortar and pestle. The sample was then sieved through a mesh with Ø 200 mm to remove rough particles. A suspension made of soil:water = 1:2.5 was prepared and stirred for 5 min. The soil pH was measured from this suspension (Bante 902, Benchtop pH/Conductivity Meter, Bante Instruments Limited, Shanghai, China). The particle size was determined by Bouyoucos Hydrometer Method (Motsara & Roy, 2008) after soil particle dispersion was done with a Calgon solution agent. Total SOM content was determined volumetrically (Walkley & Black, 1934) . Total N was determined by the Kjeldahl procedure modified with the use of salicylic acid to include the mineral nitrates (Motsara & Roy, 2008) .
The concentrations of heavy metal(loid)s in the soil samples were determined using a slight modification of the method used for the plant samples as described above. Soil samples were digested by first heating them at 80°C for 3 min, followed by increasing the temperature to 120°C at a rate of 26.67°C/min. The samples were further heated to 150°C at a rate of 10°C/min before reaching the final temperature of 180°C at a rate of 2°C/min. For quality control, standard soil reference material was analyzed (Moist Clay, ISE 999, Wageningen Evaluation Programs for Analytical Laboratories). Furthermore, reagent blanks and internal standards were used where appropriate.
There is no national standard established for risk assessment of heavy metal and metalloid contamination in soils in Ghana yet, and we chose the standard values set by the Finnish decree (Ministry of the Environment, 2007), which represents a good approximation of various European national standards (Toth, Hermann, Da Silva, & Montanarella, 2016) and has also internationally been applied for agricultural soils (UNEP, 2013) . For each hazardous element, distinct concentration levels are set to determine soil contamination. First, the so called "threshold value" is regarded as the assessment threshold and indicates a need for further assessment of the area. The second concentration benchmark is the "guideline value" indicating ecological or health risks and a need for remediation measures.
Bioaccumulation Factor (BAF)
The bioaccumulation factor (BAF) is defined as the ratio of metal(loid) concentration in plant shoots to that in the soil of the growing site. It is a measure of the plants' ability to take up, transport, and accumulate metal(loid)s in the shoots Caille, Zhao, & McGrath, 2005; Wang, Liao, Yu, Liao, & Shu, 2009 C shoots = the metal(loid) concentration in the harvestable aboveground plant material, and C soil = the metal(loid) concentration in the soil.
Hyperaccumulators
The term hyperaccumulator refers to plants capable of accumulating large amounts of metal(loid)s. Per definition, plants must accumulate at least a shoot dry weight of 10 mg kg −1 Hg or 1000 mg kg −1 As, Pb, and Cu (Baker & Brooks, 1989; Lasat, 2002; .
Statistical Analysis
To determine the concentrations of metal(loid)s in plant and soil samples, all samples of a particular species from each sampling site were respectively put together as composite (e.g., for plants, 10 sub-samples were put together to make up one sample; for soil, 4 subsamples were put together to make up a sample for each sampling site). Each of these samples was then analyzed by two technical replicates to confirm the values obtained. Correlation analysis (Pearson correlation) between heavy metal(loid)s and soil properties was performed via correlation matrix (R-3.4.2 statistics). A p value < 0.05 was considered as statistically significant.
Results
Soil Properties
The pH of soil samples from all the sites ranged from slightly acidic to alkaline (Table 3 ). The highest pH was found on site S5 (Table 3 ). The differences between the soil pH on the untreated control site S6 and pH values for the tailing sites were not significant (Kruskal-Wallis Test: Chi square = 8.0474, p = 0.15, df = 5), ranging from 0.01 to 1.32 (Table 3 ). The percentage of SOM ranged from 1.62 to 6.23% (Table 3) . The soil cores collected on the forested sites S3 and S6 showed higher SOM contents for the surface soils than the other sites. The percentages of nitrogen (N) ranged from 0.10 to 0.45% among the sampling sites (Table 3) . Site 2, an abandoned shrubland vegetation, had the highest N levels with 0.45%, followed by S3 with 0.39% (Table 3) . Similarly, the percentages of sand (52-83%), silt (15-41%), and clay (2-20%) varied among (Table 3 ). The soil texture of the tailing samples S1, S2, S4, and S5 was characterized by sandy loams and loam for S3, whereas the samples of the control site S6 were loamy sand according to soil textural triangle (U.S. Department of Agriculture, 2017). The mean clay content for S1, S2, and S6 was the least (2% each) and that for S3 was the highest (20%) ( Table 3 ). The total amounts of elements found at the sample sites are presented in Table 3 .
Total Heavy Metal(loid) Concentration in Soil
The concentrations of As, Hg, Pb, and Cu in soils measured on the five sample sites around the tailing dam, and one sample taken from an undisturbed control site are shown in Table 3 . The highest As concentration of 40.25 mg kg −1 was found in tailing soils of S3 and the lowest recorded in the undisturbed soil of S6 (Table 3) . The mean Hg concentrations ranged from 0.41 to 0.76 mg kg −1 whereas that of Pb ranged from 20 to 35 mg kg −1 (Table 3 ). Furthermore, the mean Cu concentration in the soils studied ranged from 0.08 to 15.23 mg kg −1 (Table 3) . Three of the four investigated elements (As, Hg, and Pb) were above the thresholds for uncontaminated soils, while those of As also exceeded international risk thresholds.
Correlation Analysis (Heavy Metal(loid)s, Soil
Properties)
The correlations (Pearson correlation) between heavy metal(loid)s as well as soil properties are presented in Table 4 . There was a positive correlation among all the four elements studied, which were significant for As and There was no clear trend in the correlation between soil pH and soil heavy metal(loid) concentrations ( Table 4 ). The correlations between soil pH and As, Hg, Pb, and Cu were not significant (Table 4) . No significant correlations were also found between SOM and metal(loid) contents in the soils investigated (Table 4 ). However, there were significant correlations between SOM and clay (p < 0.01; Table 4 ), as well as SOM and silt (p < 0.05; Table 4 ). There were positive correlations between particle size and metal(loid)s such as clay and Pb (p < 0.01) as well as clay and Cu (p < 0.05); however, sand was negatively correlated with As (p < 0.05), Hg (p < 0.01), and Cu (p < 0.05). Silt showed a positive correlation with Hg (p < 0.05) (Table 4 ). Soil N did not show any correlation, neither with other soil factors nor with heavy metal(loid)s (Table 4 ).
Heavy Metal(loid) Concentrations in Plants
A total of 25 plant species were collected in this study ( Table 5 ). The mean metal(loid) concentration of the plant samples collected from the undisturbed soils (S6) ranged from 5.23 to 5.61 (As), 0.00095 (Hg), 0.35 to 0.45 (Pb), and 8.80 to 8.90 (Cu) ( Table 5) whereas the concentration range of plants growing in tailing soils (S1-S5) were 2.18-6.83 (As), 0.00035-0.0012 (Hg), 0.15-0.40 (Pb), and 0.35-26.05 (Cu) ( Table 5 ). Total As concentration in plant shoots ranged from 2.18 to 6.83 mg kg −1 . The least concentration was detected in Brachiaria deflexa in S4 and the highest concentration measured in Leucaena leucocephala at the same site ( Table 5 ). Mercury concentrations in most plants studied was almost non-detectable except for Alstonia boonei with a concentration of 0.00105 mg kg −1 in S2 and Stachytarpheta cayennensis growing in S1 with 0.0012 mg kg −1 (Table 5) . Moreover, Pb concentrations in plants varied from 0.15 mg kg −1 in Senna siamea to 0.45 mg kg −1 in Marantochloa purpurea on site 6 ( Table 5 ). The total Cu concentrations ranged from 0.35 mg kg −1 in Cyclosorus afer, Elaeis guineensis, and Sporobolus pyramidalis to 26.05 mg kg −1 in Aspilia africana on site 1 ( Table 5 ). The BAF of 12 out of 25 plant species was above 1, reaching as high as 107.88 in M. purpurea on site 6 ( Table 5 ).
Among the 25-plant species investigated for their tissue concentrations of the four heavy metal(loid)s, the highest element concentrations for each element were found in four different plant species, i.e. L. leucocephala (As), S. cayennensis (Hg), M. purpurea (Pb), and A. africana (Cu). Among these four plant species, three were shrubs and one was a non-native tree (Tables 1 and  5 ). Of the three shrubs two were natives and one was non-native (Tables 1 and 5 ). Overall, A. africana (found on site 1) consistently showed high concentration potential for As, Hg, Pb, and Cu. Additionally, M. purpurea, Costus afer, A. boonei, S. cayennensis, and Spigelia. anthelmia also showed overall high concentration potentials for all four elements. Moreover, Diplazium sammatii and S. pyramidalis showed high concentration potentials for As; Paspalum polystachyum showed high concentration potential for As and Hg; Axonopus compressus, B. deflexa, and Chromolaena odorata showed high concentration potentials for Pb, and Anthocleista nobilis and Lantana camara showed high concentration potentials for Cu (Table 5) . Herbs, grasses, and ferns showed marginal concentration levels. However, no significant correlations were found for the capability to accumulate metal(loid)s with growth form or taxonomic status. Among the four elements investigated, BAF values above 1 were only found for Cu (Table 5 ). A total of 12 plant species consisting of five shrubs, four trees, and three herbs from sites S1, S2, S4, and S6 had BAFs > 1 ( (Table 5 ).
Discussion
Soil Properties
The pH of the undisturbed untreated forest site (S6) was not statistically different from the tailings samples, probably because of elements' input through soil-water movement or wind erosion. Bempah et al. (2013) reported pH values of 6.12-7.85 on abandoned tailings at Obuasi gold mine in Ghana and Nejad (2010) found pH values of 7.15-7.75 in gold-mine tailings in Iran which are similar to the findings in our study. In contrast, Mkumbo, Mwegoha, and Renman (2012) reported pH values of 3.5-7.3 in a Tanzanian gold mine. The relatively high pH levels in the tailing soils of our study sites may be due to lime addition during mineral processing (Damang, 2011) . Plant growth on mine substrates is supported by pH conditions between 6.0 and 7.5 (Sheoran, Sheoran, & Poonia, 2010) . However, at a pH below 5.5, reduced plant growth can occur due to diminished biological activity and decreased nutrient availability and metal(loid) toxicity (Sheoran et al., 2010) . Soil pH is generally acknowledged to be the main factor governing heavy metal(loid) mobility and availability to plants (Rieuwerts et al., 1998; Clemente, Walker, Roig, & Bernal, 2003) . Under neutral to high pH conditions (≥ 7), heavy metal(loid)s become less mobile and available to plants, whereas at relatively low pH (ca. < 6.5), the water solubility and leaching of metal(loid)s increase (Yoon et al., 2006; Nejad, 2010; Liu et al., 2014) . Thus, the pH value can be regarded as an indicator for a potential risk of heavy metal(loid) pollution. Soil pH for all samples was > 6.5 indicating a low mobility and bioavailability of heavy metal(loid)s in the soil. In general, the pH value for all survey sites on the mine tailing (6.57-7.88) was within the range for plant growth (6.0 and 7.5) and for maintaining low heavy metal(loid) mobility (> 6.5).
Soil organic matter has positive effects on plant nutrient supply and soil physico-chemical properties (Young, 1989) as well as a significant influence on metal(loid) binding and retention (Rieuwerts et al., 1998; Liu et al., 2014) . Since mined soils are generally deprived of organic matter, which is critical for restoration measures and mitigation of metal(loid) pollution, the development of SOM is crucial to soil management . In our study, soils from the forested sites, S3 and S6, had higher SOM contents than soils from the other sites. Moreover, SOM contents increased gradually with the age of the vegetative stands (Tables 1 and 3) . Except for S3, which showed very high SOM contents at a very young stage, SOM values below 4% are considered low, medium between 4 and 10%, and high above 10% (Landon, 1991) . Soils with SOM contents between 4 to 8%, such as found for the two forested sites, provide ideal conditions to support plant growth (Landon, 1991) . In our study, the tailing soil at the Damang gold mine has a comparatively low SOM content, which could be improved by afforestation of the tailing. The source of the increased SOM on the forested site was probably due to litter deposition over several years, similar as reported by Mkumbo et al. (2012) for gold-mine tailings in Tanzania. Thus, forest ecosystems seem to be capable of supporting rehabilitation of SOM-deprived soils (Sheoran et al., 2010; Mensah, 2015) . Interestingly, after 13 years of reforestation, the forest site S3 had a higher SOM content than the natural forest site S6. This difference in SOM content between planted (S3) and natural (S6) forests may be attributed to two factors. Firstly, the physicochemical properties of the soil, namely the clay content (Hartati & Sudarmadji, 2016) and secondly, the vegetation type and its characteristics. F. Nyame (personal communication, June 08, 2017) reported that the stand was periodically thinned; thus, decomposed trees residuals from the last thinning left on the site, maybe the explanation for the elevated SOM content.
Nitrogen is acknowledged to be a key limiting nutrient in newly created mine substrates. Therefore, additional N fertilization may be required for the establishment and maintenance of vegetation (Sheoran et al., 2010) . According to Landon (1991) , N values in tropical soils are considered low below 0.2%, medium between 0.2% and 0.5%, and high above 0.5%. In this study, soils from all sites were within the range of low to medium N supply. The N levels in the tailing soils were increased by the systematic introduction of legumes and other N-fixing plant species (e.g., Pueraria phaseoloide and L. leucocephala) into the bare mine substrate (F. Nyame, personal communication, June 08, 2017). The high N content in soils of S2 is most likely the result of the previous agricultural use of the land, where supplementary artificial fertilizer was applied. Among the sites that were not artificially fertilized, the forested sites S3 showed the highest N values. The elevated N level of the forest site S3 is probably due to the elevated SOM content, which acts as a major soil reservoir for N (Sheoran et al., 2010) and the growth of N-fixing leguminous tree species such as L. leucocephala within the forest stand. Therefore, introducing N-fixing species could be an efficient measure for the fertilization of degraded mine substrates. As anticipated, the quantity of soil N, and thus the effectiveness of the fertilization, showed a strong positive correlation (R = 0.99, p < 0.05, N = 11) to the amount of SOM, which is consistent with previous research (Bear, 1977) .
Soil texture is a permanent soil property and is not under influence of plants (Hartati & Sudarmadji, 2016) . Thus, the restoration measures had no effect on this parameter. Generally, a loamy texture supports plant growth on tailing soils because of increased water and nutrient storage (Sheoran et al., 2010) . Hence, the predominantly sandy loams of the tailing provide good basic prerequisites for plant growth. Furthermore, clay content is a significant factor for heavy metal(loid) mobility. Like SOM, clay minerals retain metal(loid) ions and thus regulate mobility and bioavailability of heavy metal(loid)s (Rieuwerts et al., 1998; Liu et al., 2014) . A correlation analysis between clay content and heavy metal level showed that a positive correlation (R = 0.69, p = 0.013, N = 12) is consistent with this.
Total Heavy Metal(loid) Concentration in Soil
Arsenic was found to be the main pollutant among the four investigated elements. Although As concentrations far exceeded the recommended limit of 5 mg kg −1 for uncontaminated soil, the values were still within the intervention limit of 50 mg kg −1 for contaminated soils (Ministry of the Environment, 2007) . Arsenopyrite is closely associated with Au ores and occurs naturally in the Birimian volcanic units (Smedley, 1996) which lay at the core of the Damang anticline (Tunks et al., 2004) . During the processing of Au, arsenic trioxide and airborne particles are released into the environment via oxidation (Amonoo-Neizer et al., 1996; Smedley, 1996) . The As contamination found in this study was notably lower than those previously reported for other industrial mining sites in Ghana. For instance, in Obuasi, Antwi-Agyei et al. (2009) reported 1711 mg kg −1 while Bempah et al. (2013) found a concentration of 1752 mg kg −1 , which are among the highest in the world. This is not surprising, as only low amounts of As containing Birimian volcanics occur at the Damang deposit, while the Obuasi gold ores are rich in arsenopyrite containing sulphide minerals (Osae, Kase, & Yamamoto, 1995) .
The mean Hg concentrations of the five tailing sites were higher than the threshold value (0.5 mg kg −1 ) for uncontaminated soil, but did not exceed the guideline value of 2 mg kg −1 (Ministry of the Environment, 2007). The measured Hg traces cannot be attributed to mining activities of the Damang gold mine, as no Hg was used in its operation since its inception. However, within the catchment communities of the mine, small scale mining activities are pervasive, where Hg after the amalgamation process is deposited (Akabzaa & Darimani, 2001; Schueler, Kuemmerle, & Schroeder, 2011) . Since elevated Hg levels were found on all survey sites, including the undisturbed forest area, short to medium range atmospheric deposition of Hg via litterfall and throughfall may be the plausible cause of the Hg spikes (Ericksen et al., 2003; Li et al., 2009) . Mercury deposited on the surface would be absorbed and retained by SOM. While in the Damang gold mine as well as most other industrial gold mines in Ghana, Au extraction with Hg was substituted by cyanidation, Hg continues to be utilized in artisanal gold mining (Donkor, Nartey, Bonzongo, & Adotey, 2009) leading to values as high as 2.15 mg kg −1 (Odumo, Carbonell, Angeyo, Patel, & Torrijos, 2014) ..
The mean Pb concentrations for all six sites were within the recommended threshold limit of 60 mg kg −1 for uncontaminated soil (Ministry of the Environment, 2007) . As fuel in Ghana is unleaded, the source of Pb pollution on the mining area may be related to galena, a natural mineral form of lead sulfide (PbS), which occurs in gold ores when sulfide concentrations of the ore are high (Matocha, Elzinga, & Sparks, 2001; Fashola, Ngole-jeme, & Babalola, 2016) . Similar Pb concentrations in gold mine tailings ranging between 24 and 39 mg kg −1 were reported by Antwi-Agyei et al. (2009) in Ghana and 6 to 32 mg kg −1 by Ekwue, Gbadebo, Arowolo, and Adesodun (2012) in Nigeria.
The Cu concentrations at all sites were below the threshold value (100 mg kg −1 ) for uncontaminated soil (Ministry of the Environment, 2007) . Copper occurs alongside gold ore bodies (Fashola et al., 2016) . In gold-mine tailings in Ghana, Antwi-Agyei et al. (2009) reported Cu concentration ranging from 39.64 to 71.44 mg kg −1 while Bempah et al. (2013) found a concentration of 92.17 mg kg −1 , which was higher than recorded in our study.
In general, two out of the four investigated heavy metal(loid)s (As and Hg) exceeded the thresholds for uncontaminated soil on all locations, except for the control-Site 6-where Hg was below the threshold. Moreover, As levels on all locations also exceeded the limit for phytotoxicity (20 mg kg −1 ) (Ross, 1994; Singh & Steinnes, 1994) , whereas Hg, Pb, and Cu were constantly within the limits including 200 mg kg −1 for Pb (Ross, 1994; Singh & Steinnes, 1994) , 3 mg kg −1 for Hg (Kabata-Pendias & Pendias, 1992) , and > 100 mg kg −1 for Cu (Lombardi & Sebastiani, 2005) . Such high levels of As are potentially toxic to plants and consequently could complicate rehabilitation measures as well as reduce growth and yield of agricultural crops. Furthermore, metal(loid)s could be accumulated in food crops and constitute a critical health risk to consumers due to the cumulative and toxic nature (McLaughlin, Parker, & Clarke, 1999) . Although soil metal(loid) concentrations on all sample sites were below the guideline values set for agricultural production (Ministry of the Environment, 2007), the elevated As and Hg values continue to indicate a potential problem for food production. This is especially true, if we consider the metal(loid) accumulation potential of agricultural plants such as Citrus sinensis. In addition, Toth et al. (2016) highlight that even if crops absorb and accumulate heavy metals only in small amounts, continuous exposure to heavy metals in food can have a negative impact on human health. Thus, as a precaution measure, all cultivated crops should be thoroughly tested for their metal(loid) contents before going into production.
The total concentrations of the analyzed metals at S3, (Forest) was consistently the highest for all heavy metal(loid)s among the six survey sites and the lowest was always recorded on S6, (Forest-Control site). The metal(loid) concentrations in soil samples from the tailing sites consistently exceeded those in the undisturbed soils. It is highly probable that the elevated metal(loid) concentrations in soils from tailings dams are direct consequences of mining activities since mining was the only activity on the investigated sites. Our assumption is in line with several other studies that suggested that gold mines are a source of heavy metal(loid) contamination in the surrounding environment (Aucamp & van Schalkwyk, 2003; Antwi-Agyei et al., 2009; Bempah et al., 2013; Bempah & Ewusi, 2016; Xiao, Wang, Li, Wang, & Zhang, 2017 ). Furthermore, it was observed that, although element concentrations on the undisturbed control site were notably lower than on the tailing site, they were still elevated. This could be attributed to secondary element input through wind and water erosion from the surrounding tailing dams (Amonoo-Neizer et al., 1996; Antwi-Agyei et al., 2009; Bempah & Ewusi, 2016) and emphasizes the need for erosion control through effective capping with plant cover.
Among several rehabilitation techniques, the concept of reclamation forestry has demonstrated the greatest overall potential on both fertility improvement and heavy metal(loid) hazard prevention (Pulford & Watson, 2003; Mertens et al., 2007; Sheoran et al., 2010; Mensah, 2015) . Rehabilitation of post-mined land with trees reduces the leaching of hazardous heavy metal(loid)s into the surrounding environment and their attendant effects on the environment and human health. Additionally, all investigated tree species showed a low metal(loid) concentration in aboveground biomass; thus, their timber can be used as an income resource without concern. Consequently, the concept of reclamation forestry could be a very cost-efficient rehabilitation measure.
Correlation Analysis (Heavy Metal(loid)s, Soil Properties)
Inter-element relationships reveal information on the sources and pathways of heavy metal(loid)s (Nejad, 2010; Liu et al., 2014) . The correlation analysis (Table 4) showed that most metal(loid)s on the study sites were highly correlated (p < 0.01). This may indicate the same source of contamination and controlling factors of the metal(loid)s. Pb was the only element that showed a comparatively low linkage.
It is known that the main factors influencing the mobility of heavy metal(loid)s are pH, clay, and SOM content (Liu et al., 2014) . In our study, significant correlations were found between SOM and clay, and between SOM and silt. This is not surprising, as it has been shown that loam and clay physically better protect organic material than sandy soils through their higher percentage of the total pore space (Burke et al., 1989; Hassink, Bouwman, Zwart, Bloem, & Brussaard, 1993) . Findings of correlation analysis between soil metal(loid) content and particle size distribution suggest that the metal(loid) retention capacity is higher in soils with fine-grain particles such as clay minerals and humic acids (S3 and S6) due to their larger surface area in comparison with coarse-grained particles in sand (Heike B. Bradl, 2004) . Soil N did not show any correlation, neither with other soil factors nor with heavy metal(loid)s.
Plant Properties and Heavy Metal(loid) Concentration
In this study, none of the plant species investigated reached the thresholds for hyperaccumulation. Nevertheless, the BAF values higher than 1 indicate a general metal accumulation potential Caille et al., 2005; Wang et al., 2009) .
Based on the mean total BAF values of sampled plants, plants most efficiently took up Cu (BAF = 10.38), followed by As (0.17), Pb (0.01), and Hg (0.001). This pattern of metal accumulation in plants was not surprising because most of the highest concentrations were found at the sites with the lowest soil Cu contamination. Furthermore, because Cu is an essential nutrient for plants, it is not surprising that the highest bioaccumulation rates were found for this element (Yoon et al., 2006) , which may also be influenced by the growth cycle-related nutrient requirements of the plants (Kabata-Pendias & Pendias, 1992) . The low Pb accumulation rates were also not surprising because Pb is known to be the least bioavailable metal (Kabata-Pendias & Pendias, 1992) . Pb exerts strong toxic effects on plants (Kim, Kang, Johnson-Green, & Lee, 2003) and plants may have mechanisms to avoid Pb accumulation. The elements As and Hg are non-essential for plants and have a strong negative influence on plant growth (Kabata-Pendias & Pendias, 1992) . Wang et al. (2009) argued that, the criterion of BAF > 1 does not necessarily have to be achieved by plants to qualify as hyperaccumulators. This is particularly the case for field conditions where heavy metal(loid) concentrations in soil far exceed the toxic levels for plants such that the criterion BAF > 1 would be impossible to achieve (Robinson et al., 1998; Zhao, Lombi, & McGrath, 2003) . Therefore, the criterion BAF > 1 was not considered as a key parameter to identify hyperaccumulators in this study. Furthermore, the BAF is generally acknowledged to be an index for the availability/mobility of heavy metal(loid)s in soils (Bempah & Ewusi, 2016) . Site specific conditions (e.g., pH value, SOM, and clay content) probably led to a significant reduction of the bioavailability of metal(loid)s leading to the low accumulation rates we recorded in plants. This assumption is in line with the correlation between metal(loid) concentrations and clay as described earlier in this study.
Baseline data on heavy metal(loid) concentrations of the soils would give a better perception of the plant assimilation abilities. However, no data prior to the revegetation was given. Furthermore, the calculation of the original heavy metal concentrations in the soil based on a simple mass balance (Alloway, 1995; Lombi & Gerzabek, 1998) was not feasible due to the unavailability of required parameters such as below ground biomass of plants and atmospheric deposition.
Hyperaccumulators of As, Hg, Pb, and Cu are of importance for phytoremediation. However, for Hg particularly, only few hyperaccumulators have been identified till date (Baker, McGrath, Reeves, & Smith, 2000; Sarma, 2011; Ali et al., 2013) . The exploration of more efficient hyperaccumulators from their natural habitats is a key step for successful phytoremediation of these heavy metal(loid)s (Ali et al., 2013) . Although in our study, no hyperaccumulators were identified; the climatic and metalliferous soil conditions in the area may be suitable for the evolution of hyperaccumulating plants. Earlier studies in the Obuasi gold mine in Ghana recorded BAFs as high as 12.41 and shoot concentrations of 9.7 mg −1 kg for Hg in the water fern (Ceratopteris cornuta), therefore almost reaching the hyperaccumulator threshold (Amonoo-Neizer et al., 1996) . Slightly lower values were reported for Elephant grass (Pennisetum purpureum) at the Obuasi gold mine. Thus, the phytoremediation potential of promising plant species, including M. purpurea, Co. afer, A. boonei, A. africana, L. camara, and A. nobilis needs to be further examined..
Conclusion
Tailing soils at the Damang gold mine are characterized by considerable amounts of As, Hg, and trace element contamination (Pb and Cu), a neutral pH, low to medium SOM content, and a soil texture of sandy loam. The amount of As in the soil exceeded the recommended threshold limits of the Finish and Swedish governments declaration, hence constituting a potential threat to the environment and human health. The amounts of Hg, Pb, and Cu were within the guideline values, and may not present a direct threat.
Among the 25 screened plant species, no hyperaccumulators for As, Hg, Pb, and Cu were identified. However, several plants showed a potential for phytoextraction for Cu. M. purpurea was most effective in taking up all four metal(loid)s, with BAF values ranging from 0.0023 to 107 ( Table 5 ). These elevated BAF values are indicative of potential hyperaccumulator properties and the plant species (Co. afer, A. nobilis, L. camara, A. boonei, M. pudica, D. rotundifolia, A. Africana, L. leucocephala, and S. cayennensis) with high values should be further investigated.
Our findings indicate that the concept of reclamation forestry, with a high SOM enrichment capacity, has the greatest overall potential on both fertility improvement and heavy metal(loid) hazard prevention and thus can be a very cost-effective reclamation measure.
